In Arabidopsis, different combinations of ABC organ identity proteins interact in the presence of SEPALLATA (SEP) proteins to regulate floral organ differentiation. Ectopic expression of SEP3 in combination with class A and B or B and C genes is sufficient to homeotically convert vegetative leaves into petal-like organs and bracts into stamen-like structures, respectively. Recently, it has been shown that the three MADS-box genes SEEDSTICK (STK), SHATTERPROOF1 (SHP1) and SHP2 act redundantly to control ovule identity. Protein interaction assays performed in yeast in combination with genetic studies demonstrated that these MADS-box factors only interact in the presence of SEP proteins to form complexes that determine ovule differentiation. Here, we address the question whether the ectopic co-expression of ovule identity proteins is sufficient to induce the homeotic conversion of vegetative leaves into carpel-like structures bearing ovules. We present the phenotypic characterization of Arabidopsis plants that ectopically express ovule identity factors under the regulation of the ethanol inducible gene expression system. These experiments indicate that the ectopic co-expression of SEP3 and SHP1 and/or STK is probably not sufficient to homeotically transform vegetative tissues into carpels with ovules. However, comparing the phenotypes obtained by ectopic expression of STK and/or SHP1 with or without SEP3 shows that co-expression of factors that are able to form complexes in yeast cause more extreme homeotic transformations, confirming the functional role of these complexes in vivo. q
Introduction
Homeotic genes are responsible for the activation of pathways that determine the identity of organs. In plants, mechanisms underlying floral organ identity are described since early 1990s when the ABC model was proposed (reviewed by Coen and Meyerowitz, 1991) . This model was based on phenotypic observations of homeotic flower mutants in Antirrhinum and Arabidopsis and demonstrated the existence of a genetic relation between three classes of genes, indicated as A, B and C genes. The action of class A genes was proposed to be responsible for sepal identity while the combination of class A and B genes is necessary for petal formation. Class B and C genes together regulate the identity of stamen and class C genes alone determine the identity of carpels (Carpenter and Coen, 1990; Bowman et al., 1991; Coen and Meyerowitz, 1991; Weigel and Meyerowitz, 1994) . Subsequent cloning of these floral identity genes showed that they encode transcription factors, most of them belonging to the MADS-box family (Sommer et al., 1990; Yanofsky et al., 1990; Mandel et al., 1992; Jack et al., 1992; Goto and Meyerowitz, 1994) .
The ABC model has been extended with an additional class indicated as class E genes or SEPALLATA (SEP) genes. This class consists of four members, SEP1, SEP2, SEP3 and SEP4, encoding MADS-box factors that show partial redundant functions in floral organ identity determination. The triple knock-out sep1 sep2 sep3 has indeterminate flowers with petals, stamens and carpels homeotically transformed into sepals (Pelaz et al., 2000) . Recently, a sep1 sep2 sep3 sep4 quadruple mutant was described in which all floral organs were transformed into organs similar to leaves (Ditta et al., 2004) . These results show that the SEP genes are necessary for the function of class A, B and C genes since the quadruple sep1 sep2 sep3 sep4 mutant phenocopies the abc mutant. The molecular basis for the genetic relation among floral organ identity genes has been explained by experiments of Honma and Goto (2001) and Pelaz et al. (2001) . They addressed the question whether the expression of combinations of class A, B, C and SEP genes would be sufficient to convert leaves into floral organs. They generated transgenic Arabidopsis lines that ectopically expressed a combination of A, B and SEP3 genes or B, C and SEP3 genes. These experiments showed that these factors were indeed sufficient to affect leaf identity. Transgenic plants expressing A, B and SEP3 genes had vegetative leaves converted into petal-like organs and those expressing B, C and SEP3 genes had cauline leaves and all floral organs converted into stamen-like structures. Interaction studies in yeast showed that SEP3 proteins interact with A, B and C MADS-box factors forming multimeric complexes. These interaction data explained the molecular nature of the genetic interactions among A, B, C and SEP factors.
Recently, it has been shown in yeast that MADS-box proteins important for ovule identity in Arabidopsis can assemble into higher order complexes (Favaro et al., 2003) . These complexes contain combinations of the MADS-box proteins AGAMOUS (AG), SEEDSTICK (STK), SHATTER-PROOF1 (SHP1), SHP2 and the SEP1, SEP2 and SEP3 proteins. Pinyopich et al. (2003) showed that STK, SHP1 and SHP2 play a redundant role in ovule identity determination since the stk shp1 shp2 triple mutants develop flowers in which most of the ovules are converted into carpel-like or leaf-like structures. The importance of AGAMOUS during ovule development was studied by Western and Haughn (1999) in the ap2-6 background. In this mutant, the number of ectopic ovules that developed on the sepals was six times higher than those developing on the sepals of the ap2-6 ag-1 double mutant. Moreover, most of the ectopic ovules in the double mutant were abnormal in structure. These data indicate that AG plays a role in ovule identity determination but besides that they indicate that an AG-independent pathway is responsible for carpel and ovules development on the sepals of the ap2 ag double mutant. Remarkably, carpels and ovules are completely absent in the first whorl organs of the ap2 ag shp1 shp2 quadruple mutant , indicating that SHP genes can promote carpel and ovule development in the absence of AG.
The role of SEP genes in ovule development came from genetic titration experiments in which SEP gene activity was reduced (Favaro et al., 2003) . These experiments showed that the SEP1/sep1 sep2 sep3 mutant is a phenocopy of the stk shp1 shp2 triple mutant demonstrating that SEP genes are indeed necessary for ovule development. The role of SEP proteins in ovule identity determination was confirmed by protein interaction experiments demonstrating that STK, SHP1, SHP2 and AG do not interact directly but multimeric complexes can be formed when SEP3 is added in yeast three-hybrid experiment (Favaro et al., 2003) . These results suggest that ovule development in Arabidopsis is controlled by MADS-box protein complexes that are composed of SEP factors and different combinations of ovule identity proteins.
Here, we investigate whether the ectopic co-expression of ovule identity genes is sufficient to convert vegetative leaves into carpel-like structures bearing ovules. We created transgenic plants, which ectopically expressed different combinations of SEP3, STK and SHP1. As previously shown, plants transformed with 35S::STK, 35S::SHP1 or 35S::SHP2 showed homeotic transformation of sepals into carpel-like structures bearing stigmatic tissue and ectopic ovules (Liljegren et al., 2000; Favaro et al., 2003; Pinyopich et al., 2003) . Unfortunately, the ectopic expression of ovule identity genes has pleiotropic effects on plant development. Most of the transgenic plants die immediately after germination. Few plants grow further, they remain very small in size and flower after producing two or four curled leaves. In all the cases these plants show a very short life-span. To avoid these kinds of effects in transgenic plants expressing a combination of ovule identity genes we used the ethanol-regulated alc gene expression system to induce ovule identity genes later in development. This system consists of two components, a transcription factor ALCR, which activity depends on the presence of ethanol and the promoter pAlcA which is activated by ALCR Salter et al., 1998; Roslan et al., 2001) .
Transformation was performed with multiple vectors with each T-DNA encoding a visible selectable marker (EYFP, DsRed and ECFP) under the control of the strong napin seedspecific promoter (Stuitje et al., 2003) . Phenotypic analysis of transgenic Arabidopsis plants ectopically expressing various combinations of ovule identity genes revealed that coexpression of these genes is not sufficient to homeotically transform leaves into carpel and/or ovule structures. However, the obtained data clearly show that the co-expression of ovule identity genes affects the identity of all the floral organs. The severe floral phenotype of SEP3-STK and SEP3-STK-SHP1 plants support the hypothesis that these proteins act in a combinatorial manner in the regulation of ovule identity through the formation of protein complexes necessary for the transcriptional regulation of target genes.
Results

Inducible expression of ovule identity genes
Previous experiments showed that ectopic expression of the ovule identity genes STK, SHP1 and SHP2 in Arabidopsis induced the homeotic transformation of sepals into carpelloid structures (Liljegren et al., 2000; Favaro et al., 2003) . Furthermore, biochemical studies in yeast demonstrated that these transcription factors form multimeric protein complexes for which they require SEP proteins (Favaro et al., 2003) . In this study we investigate whether the co-expression of ovule identity genes can induce carpel and ovule formation on vegetative leaves as has been reported by Honma and Goto (2001) and Pelaz et al. (2001) for petal and stamen identity genes.
To avoid pleiotropic effects on plant development due to the constitutive expression of STK and SHP1, we used the ethanolinducible system of Aspergillus nidulans Salter et al., 1998 , Roslan et al., 2001 ). For our experiments three Arabidopsis lines (3.4, 4.1 and 9.4) transformed with the binary vector pSRN/AGS (Roslan et al., 2001 ) that encodes the ALCR factor under the control of the constitutive CaMV 35S promoter and the GUS reporter gene under the control of the inducible palcA promoter were kindly provided by Patrick Laufs (INRA de Versailles, France) . To test whether these lines segregate for the induction construct, GUS assays were performed on 40 plants for each line. These experiments showed that all plants tested for line 3.4 were GUS positive indicating that this line is most likely homozygous for the 35S::AlcR/pAlcA::GUS insertion (not shown). This line was therefore selected for further experiments.
Line 3.4 was subsequently tested using ethanol vapour and root drenching in order to establish an optimal induction protocol. For vapour induction open reaction tubes containing 500 ml of 96% ethanol were placed into alternate pots containing 2-week-old soil-grown seedlings. The pots were placed in a Plexiglas box and covered with a lid for 8 h per day. In the remaining 16 h, lid and ethanol were removed. We did not perform continuous ethanol treatment in order to avoid fungal growth. For the root drenching treatment we irrigated 2-week-old soil-grown seedlings for 5 days with 1% ethanol (v/v). We used 35S::ALCR/palcA::GUS non-induced plants as negative control. These experiments showed that after 8 h of ethanol treatment GUS expression was induced although the expression levels were clearly lower than those observed after 2 and 3 days of induction. Two days of induction is already sufficient to get intensive GUS staining. After the 3rd day of induction the plants were not induced for 24 h and again assayed (not shown). The GUS staining results were identical to those after 3 days of induction, which indicates that expression levels do not immediately drop, as was also previously shown by Roslan et al. (2001) . However, the fact that we do not observe a significant reduction in GUS activity might also be due to the stability of the GUS gene product.
Both methods, ethanol vapour and root drenching, gave similar results, which showed that they are suitable to efficiently induce the pAlcA promoter (as previously reported by Roslan et al., 2001 ). However, ethanol vapour was chosen in the next experiments since plants looked slightly healthier compared to plants induced by root drenching. Furthermore, ethanol vapour is more suitable for long induction periods due to reduced fungal growth on the soil. Line 3.4 was co-transformed with three constructs containing the SEP3 (NOB438), STK (NOB443) and SHP1 (NOB444) open reading frames under the control of the ethanol inducible pAlcA promoter. We selected SEP3 since it can mediate complex formation between all the ovule identity factors (Favaro et al., 2003) . STK and SHP1 were selected since genetic data showed that these are ovule identity factors that can induce carpel and ovule development when ectopically expressed (Liljegren et al., 2000 , Pelaz et al., 2000 Favaro et al., 2003) . NOB438, NOB443 and NOB444 vectors contain the promoter of the seed-storage protein gene napin that drives seed specific expression of, respectively, enhanced yellow fluorescent protein (EYFP); Ormo et al., 1996 , enhanced cyan fluorescent protein (ECFP); Heim and Tsien, 1996 and red fluorescent protein from Discosoma sp., (DsRed); Matz et al., 1999 . Triple transformant seeds appear yellow, blue and red using three different microscope filters (Fig. 1) .
We observed a transformation rate of about 2% for single transformants, 0.3% for double transformants and 0.1% for triple transformants. In the next generations the T-DNA insertions of most co-transformants segregated as a single locus. This implies that the T-DNAs that were received from different Agrobacterium strains (carrying different binary constructs) concatenate first before integrating into the genome. The presence of the transgenes was also confirmed by PCR. We obtained nine independent triple transformant lines that contained SEP3, SHP1 and STK inducible gene constructs.
Induction of ovule identity genes
Single, double and triple transformants were grown in shortday conditions (8 h light/16 h dark) until the stage of 12-14 rosette leaves. Subsequently plants were moved to long-day conditions (16 h light/8 h dark) to stimulate flowering and they were induced with ethanol vapour for 8 h a day as described above. Leaves were collected before the induction and after the 4th day of induction. RT-PCR analysis was performed on total RNA to examine the induction of the transgenes. This analysis on leaves is informative since these genes are normally specifically expressed in flowers (Savidge et al., 1995; Rounsley et al., 1995; Mandel and Yanofsky, 1998) . Fig. 2 shows that leaves of triple transgenic lines express SEP3, STK and SHP1 after ethanol treatment.
Ectopic co-expression of ovule identity genes cause homeotic transformations in floral organs but not in vegetative leaves
Transgenic lines containing single, double and triple gene constructs were induced with ethanol vapour and their phenotypes were analysed (Figs. 3 and 4) . In contrast to plants that continuously express these ovule identity genes, those containing STK, SHP1 and/or SEP3 under the control of the ethanol inducible promoter developed normal until ethanol was applied (compare Fig. 3A with B) .
After 4-5 days of ethanol induction plants showed a phenotype on primary inflorescences. Long induction periods (till 40 days) caused the appearance of phenotypes also on secondary inflorescences. In the fifteen 35S::ALCR/ pAlcA::SHP1 and twenty-two 35S::ALCR/pAlcA::STK transformants that we analysed we frequently observed petals and stamens reduced in size (Figs. 3C, D and 4C) . SEM analysis of the first whorl organs of these plants showed a mild and partial conversion into carpelloid organs (Fig. 4L,K) . In contrast to the data reported by Liljegren et al. (2000) and Favaro et al. (2003) , who expressed these genes under the control of the 35S CaMV promoter, we did not find ovule formation on these sepals and no homeotic conversion of petals into stamenoid structures was observed. This suggests that upon induction the pAlcA promoter might be less active than the CaMV 35S promoter resulting in lower expression levels of the transgenes. Plants transformed with the inducible SEP3 construct did not show any obvious phenotype.
In double transformant plants containing inducible constructs for both SHP1 and STK the phenotypes did not appear to be more severe than in single transformants. Interestingly, in SEP3-STK double and STK-SHP1-SEP3 triple transformant lines (SEP3-SHP1 double transformants were not tested) significantly more severe phenotypes were observed than in the single transformants or double STK-SHP1 plants. The flowers of these plants developed outer whorl organs that were completely fused and converted into carpelloid structures ( Fig. 3E-I) . In some cases, petals did not develop and the stamens were drastically reduced in size. In some flowers distinct floral whorls could not be recognised and became more a kind of amorphous structure of carpelloid tissues. In one flower of a STK-SEP3 transgenic plant the sepals were completely converted into fused carpels forming a kind of large pistil that enclosed the inner stamens and carpels ( Fig. 3E-G) . SEM analysis of triple (STK-SHP1-SEP3) transformant flowers showed that different floral organs are fully or partially converted into carpelloid structures. Stigmatic tissue and ectopic ovules developed on sepals and petals ( Fig. 4D-F,O-P) . Detail analysis of cell identity in the different organ whorls showed that at early stages of development, cells of the first whorl organs of triple transformants are converted into carpelloid cells (compare Fig. 4M with H) . In these plants, at the tip of the first whorl organs style-like cells are visible (Fig. 4N ) and later in development stigmatic tissue developed on these cells (Fig. 4F,P) indicating that these organs are more or less completely converted to carpels.
The floral phenotype that we observed in SEP3-STK and SEP3-STK-SHP1 transformants is remarkably more severe than the phenotypes previously described in 35S::STK and 35S::SHP1 plants (Liljegren et al., 2000; Favaro et al., 2003) . In fact, in double and triple transformants different floral organs are partially or fully transformed into carpelloid structures (Figs. 3E-I and 4D-E). Remarkably, these severe floral homeotic conversions are strongly correlated with the coexpression of MADS-box factors (SEP-STK and SEP3-STK-SHP1) that form complexes in yeast while these severe phenotypes were not observed when non-complex forming factors (STK-SHP1) are ectopically co-expressed. Despite the fact that the ectopic expression of these ovule identity genes induced such extreme floral phenotypes no effect on vegetative tissues was observed. A possible explanation could be that these gene induction experiments were performed too late in development, when plants had already 12-14 rosette leaves. To address this we treated germinating seeds in Petri dishes with ethanol. Transgenic seeds (triple transformant lines) were sown on MS medium in closed containers and ethanol (0.1%) was added once a week. After 3 weeks no aberrant phenotype either on cotyledons or on the first four leaves could be observed. To test the induction efficiency in this experiment GUS assays were performed which confirmed an optimal induction of the reporter gene (data not shown). 
Discussion
MADS-box protein complexes control floral development in Arabidopsis
It is now generally accepted that floral organs are in fact modified leaves as was already proposed by Goethe in the 18th century. Clear evidence for this came from experiments by Bowman et al. (1991) which combined class a, b and c mutants (apetala2-1 apetala3-1 agamous-1, ap2-1 pistillata-1 ag-1, or ap2-2 pi-1 ag-1). The floral organs in these mutant flowers all resembled leaves, indicating that the loss of the activity of organ identity genes results in a reversion to a more leaf-like state. Ectopic expression experiments of class A, B and C genes in leaves never resulted in the conversion of leaves to flower-like organs indicating that these ABC genes were essential but not sufficient to establish floral organ identity. Clearly in leaves specific factors were missing that are needed by ABC proteins to induce floral organ development. Recently, due to the results of various experiments, SEPALLATA MADS-box proteins have been identified as these essential factors (Pelaz et al., 2000 (Pelaz et al., , 2001 Honma and Goto, 2001; Ditta et al., 2004) . The most clear evidence came from experiments in which combined expression of class A, B and SEP3, and B, C and SEP3 proteins resulted in the homeotic conversion of vegetative leaves into petal-like organs and of bracts into stamen-like organs, respectively (Honma and Goto, 2001; Pelaz et al., 2001) . The phenotype of these transgenic lines supports now the idea that A, B, C and SEP genes regulate floral organ identity through the formation of MADS-box complexes.
Recently the MADS-box genes STK, SHP1 and SHP2 have shown to redundantly control ovule identity in Arabidopsis . Interestingly also these MADS-box factors form complexes with SEP proteins (Favaro et al., 2003) . The central question of this study is whether the ectopic co-expression of ovule identity genes can induce female reproductive organ formation in vegetative tissues.
Induction of ovule identity genes using the alc system
For our experiments we chose for an inducible system since the constitutive expression of ovule identity genes severely compromises plant development. In literature different chemical inducible systems suitable for plants have been described (for a review see Wang et al., 2003) . The alc switch system is particularly attractive since it is based on the use of ethanol, a cheap and low phytotoxic inducer. Furthermore, the use of the alc gene-expression system in Arabidopsis is well documented Salter et al., 1998; Roslan et al., 2001; Laufs et al., 2003: Maizel and Weigel, 2004) . The pAlcA promoter is highly sensitive to the presence of ethanol with negligible levels of back-ground expression in the absence of the inducer. Furthermore this promoter does not show tissue specificity. Another suitable feature of the pAlcA promoter is that high level of gene expression can be maintained using repeated treatments with ethanol (Roslan et al., 2001) .
The effectiveness of the alc system in plant developmental studies has recently been demonstrated by Laufs et al. (2003) . UNUSUAL FLORAL ORGANS (UFO) is a gene with multiple functions during development. However, several of its functions could not be identified in the knock-out mutant. By using the alc system the authors expressed UFO ubiquitously in the ufo-2 mutant background at different developmental stages and for various durations. In this way they were able to correlate known and unknown UFO functions to the developmental stage of the flower. The ethanol inducible system was recently modified by Maizel and Weigel (2004) to allow temporally and spatially controlled induction of gene expression.
Another feature that makes the alc system particularly suitable for the inducible expression of protein complexes, is that it does not involve the creation of fusion proteins like for the glucocorticoid-inducible system (Aoyama and Chua, 1997) . Tags or other domains that are added N-or C-terminally to a protein might interfere with its function. Since, in our study we were interested to induce three components of a complex, we predicted that complex formation might be disturbed by adding tags to all the three proteins. Therefore, the alc system seemed to be a perfect method for our study on MADS-box proteins.
Transformation experiments using fluorescent proteins as visual selection markers
In the present study, we used a novel class of antibiotic-free transformation vectors. The pFLUAR set of plasmids contain fluorescent proteins as visual selection markers. This feature allows rapid evaluation of single and multiple transgenic seeds without selection on antibiotics that eventually could effect plant growth. Therefore, it is an interesting system for the study of protein complexes since in one transformation experiment transgenic seeds containing different combinations of multiple transgenes can be identified. Furthermore, Stuitje et al. (2003) showed that the fluorescence intensity of the selection marker is correlated with the expression level of the transgene, which makes the pFLUAR vectors a powerful tool for the preselection of those plants that give high transgene expression.
Segregation analysis of co-transformant plants confirmed the high rate of linkage among distinct T-DNA inserts. In double and triple transformant plants transgenes are mostly inherited as a single locus (Stuitje et al., 2003) . Taken advantage of these data we have chosen to transform plants with a mixture of Agrobacterium cells carrying the constructs NOB438, 443 and 444 instead of crossing single transformants. This avoided time consuming experiments due to the segregation of transgenes in the next generations. Although the frequency of obtaining triple transformants is rather low, this visible selection method is very efficient so that large numbers of seeds can be rapidly screened.
3.4. Expression of combinations of ovule identity genes have no effect on leaf development but cause severe defects in all floral organs Ectopic expression of STK, SHP1 and SHP2 has shown to cause homeotic conversion of sepals into carpelloid organs on which ovules developed. Furthermore, ectopic expression of SHP genes caused the conversion of petals into stamens (Liljegren et al., 2000; Favaro et al., 2003) . Moreover, ectopic expression of ovule identity genes severely affects plant development, plants that do not die after germination are extremely weak and flower after forming two or four curled leaves. Using the alc system it was possible to overcome these pleiotropic effects since we induced gene expression at the moment that flowering was stimulated by shifting the plants from short-day to long-day conditions. Flowers of single STK and SHP1 transformant plants showed upon ethanol induction effects on sepals and petals formation. They are reduced in size and sometimes stigmatic-like tissue appears on the edges of the sepals. SEM analysis of these plants revealed that sepals are only partially converted into carpelloid organ and are composed of both sepaloid and carpelloid cells. However, we never observed a complete conversion into carpelloid structures bearing ovules as was shown by Liljegren et al. (2000) and Favaro et al. (2003) when SHP1 and STK were expressed under the control of the constitutive 35S CaMV promoter. This indicates that the pAlcA promoter is probably less active than the 35S CaMV promoter.
Interesting are the floral phenotypes obtained in plants where combinations of the ovule identity genes were induced by ethanol. Induction of both STK and SEP3 or STK, SHP1 and SEP3 resulted in homeotic conversions that were much more severe. SEM analysis revealed that not only sepals but also petals are homeotically transformed into carpelloid organs; the abaxial surface of these converted organs consists of carpellike cells. Moreover ovules developed on the adaxial surface. In some mature flowers, the first whorl carpels were largely fused and on the inner site ovules developed. In one flower the first whorl carpels were completely fused forming a large pistil enclosing all inner organs.
These drastic phenotypes have never been observed when single genes were expressed under the strong CaMV promoter. The most striking difference is that in double and triple transformants homeotic transformation occurs both in first and second whorl organs, moreover in some cases the number of stamens is reduced (Fig. 4E ) and in young inflorescence the development of all floral organs is affected (Fig. 4D) .
Remarkably, these phenotypes correlate with the ectopic expression of those factors for which a protein complex can be formed in yeast. STK, SHP1 and SHP2 do not directly interact but form complexes in the presence of SEP3 (Favaro et al., 2003) . Since STK, SHP1 and SHP2 act redundantly it is likely that complexes can be composed of only STK or SHP proteins or various combinations of them. Our experiments support this hypothesis since only the ectopic expression of STK and SHP1 in combination with SEP3 caused these drastic phenotypes whereas the co-expression of STK and SHP1 had only mild effects.
MADS-box heterodimer formation was investigated in petunia living cells using the fluorescence resonance energy transfer (FRET) technique (Immink et al., 2002) . The authors demonstrated that the STK homologue FBP11 moves from the cytoplasm to the nucleus only when co-expressed with the SEP-like factor FBP2. Apparently SEP proteins have various functions, (i) they establish complex formation, (ii) they are needed for nuclear localisation of the other complex factors and (iii) it seems that SEP proteins have transcription-activator domains which they supply to the MADS-box complex (Honma and Goto, 2001) .
The homeotic transformations observed in plants expressing single ovule identity genes (STK or SHP) under the control of the CaMV promoter are explained by the fact that SEP proteins are present in sepals. The fact that more severe phenotypes were obtained when SEP3 was co-expressed with STK and/or SHP1 indicates that the SEP protein concentration is probably the limiting factor in plants only ectopically expressing the STK or SHP factors. These experiments and the protein-protein interaction assays performed in yeast by Favaro et al. (2003) strongly support the hypothesis that MADS-box ovule identity factors regulate ovule development through the formation of protein complexes that finally induce the pathways leading to carpel and ovule formation.
Although the expression of complete ovule identity complexes induced very drastic phenotypes in flowers no effects were observed on leaf development. This is not likely due to the timing of expression since induction experiments in very early stages of plant development (from germination till a four leaf stage) did not result in any visible effect on leaves either. The most likely explanation is that another factor is missing in leaves, which is essential for the induction of the carpel pathway. We are rather confident that this missing factor is not the class C gene AG that in Arabidopsis controls reproductive organ development. In fact, it has been shown by Favaro et al. (2003) and Pinyopich et al. (2003) that ectopic expression of STK or SHP in the ag mutant still induces carpel formation, which demonstrates that the ovule identity genes are able to induce the carpel pathway in absence of AG.
Furthermore, Honma and Goto (2001) characterized quadruple transformant lines that ectopically expressed AP3, PI, AG and SEP3. These plants showed homeotic conversions of all floral organs and cauline leaves into staminoid structures while vegetative leaves developed normally. This further supports the idea that AG is not the missing factor in our experiments for the conversion of vegetative leaves into reproductive structures. On the contrary, ectopic expression of petal identity genes resulted in the complete conversion of vegetative leaves into petals (Honma and Goto, 2001; Pelaz et al., 2001 ). This suggests that petals might be evolutionary closer to leaves, while more homeotic factors are needed to determine reproductive organ identity.
Presently we are focusing on the identification of targets and upstream regulators of the ovule identity genes (Kooiker et al., 2005) to elucidate the genetic pathways leading to female organ development. In the future this research hopefully will lead to a better understanding of the factors that evolved to transform vegetative leaves into female reproductive organs.
Methods
Plant material
Plants were grown under short-day conditions (8 h light/16 h dark at 21 8C, 70% humidity) until the stage of 12-14 rosette leaves. At this stage plants were moved to long-day conditions (16 h light/8 h dark at 21 8C, 70% humidity).
Binary constructs and Arabidopsis transformation
Arabidopsis lines containing the 35S::ALCR cassette and the GUS gene under the control of the palcA promoter were kindly provided by Patrick Laufs (INRA de Versailles, France).
The Gateway cassette, reading frame A (Life Technologies, Carlsbad, CA), was inserted into the SmaI site of pL4 (Syngenta Ltd, Jeolotts Hill, UK) between the pAlcA promoter and the terminator of the 35S CaMV, generating pL4-Gateway. A XbaI fragment of pL4-Gateway containing the pAlcA promoter, the Gateway cassette and the terminator was cloned into the binary pFLUAR vectors 101, 102 and 103 carrying DsRed, ECFP and EYFP, respectively, as visual selection markers (Stuitje et al., 2003) generating the destination vectors NOB428, NOB429 and NOB430, respectively. The binary vector NOB444 was obtained by LR reaction between the destination vector NOB428 and the entry clone NOB435 carrying the SHP1 open reading frame (De Folter et al., 2005) ; binary vector NOB438 was obtained by LR reaction between the destination vector NOB430 and the entry clone NOB433 carrying the SEP3 open reading frame (De Folter et al., 2005) ; binary vector NOB443 was obtained by LR reaction between the destination vector NOB429 and the entry clone NOB434 carrying the STK open reading frame (De Folter et al., 2005) . LR reactions was performed according to the Life Technologies protocol (Carlsbad, CA). Binary vectors were used to transform Agrobacterium tumefaciens C58C1/pMP90 (Koncz et al., 1984) . For plant transformation, separate Agrobacterium cultures were grown overnight to stationary phase in LB medium at 28 8C. Agrobacterium cultures were mixed at equal densities and concentrated to an OD 600 of 3 in 5% sucrose, 0.5!MS salts and 0.05% Silwett-L77 was added prior to dipping. Arabidopsis plants were transformed using the floral dip method described by Clough and Bent (1998).
GUS histochemical staining
GUS tests were performed as described by Liljegren et al. (2000) .
Analysis of Arabidopsis transformants
T0 seeds derived from a transformation experiment using vectors NOB438, 443 and 444 were analysed to detect fluorescent seeds using the Leica MZ FLIII stereomicroscope with a Triple beame fluorescence illuminator and the FLUOIIIe fluorescence filter system. Filter sets that were used are YFP (no. 10446364), CFP (no. 10446363) and DsRed (no. 10443423) for MZFLIII. Digital pictures were captured with a Leica DC 200 digital video camera and Leica IM 1000 software.
The presence of the transgene was confirmed by PCR analysis on genomic DNA using OL918 5 0 -CATCTATATAAGGAAGTTCATTTC-3 0 designed on the pAlcA promoter in combination with gene specific primers: At27 5 0 -GCTCCCATTCCATCTTGCTGC-3 0 for SEP3, At28 5 0 -GCTCGCAGGTA-CATGTTATTGTG-3 0 for SHP1 and OL901 5 0 -GTTGTTGATACCTCTC-CACTTC-3 0 for STK.
STK, SHP1 and SEP3 expression following ethanol induction was assayed by RT-PCR. Total RNA was extracted from leaves according to Verwoerd et al. (1989) and retro-transcribed with RT-Superscript II (Life Technologies). STK, SHP1 and SEP3 were amplified subsequently with specific primers and analysed on agarose gels (At204 5 used for all the transgenes tested.
Scanning electron microscopy
Plant material was fixed overnight in 3% glutaraldehyde in 0.025 M phosphate buffer, pH 7, at 4 8C, washed subsequently in 0.025 M phosphate buffer, pH 7, and incubated for 4 h in 1% osmic acid in 0.05 M phosphate buffer, pH 7. Samples were washed again in 0.05 M phosphate buffer, pH 7, dehydrated gradually in ethanol series of 25, 50, 70, 85, 95 , and 100%, and dried in liquid carbon dioxide at critical point. Samples then were covered with gold using a sputter coater (Nanotech, SEMPREP2) and observed with a LEO 1430 scanning electron microscope (LEO Electron Microscopy, Thornwood, NY).
